Introduction
Emulsions are metastable systems consisting of one liquid dispersed as small droplets in another liquid [1, 2] . The efficient creation of an emulsion generally requires an emulsifier, which may also work as a stabilizer to facilitate the dispersion formation by lowering the interfacial tension and to prevent the coalescence and flocculation of the droplets by creating a net repulsion between them. Typically, surfactants, polymers and particles are used as emulsifier or stabilizer agents but some amphiphilic polymers, notably block copolymers, can fulfill both criteria.
Emulsions find applications in many areas, with the pharmaceutical, food and cosmetic fields being among the most relevant [3] [4] [5] [6] [7] . Depending on the emulsion type [i.e. oil-in-water (O/W) or water-in-oil (W/O)] and the ratios among the different compounds, these heterogeneous systems can be tailored according to the intended application. Therefore, the composition and processing of emulsions must be carefully evaluated in order to optimize droplet sizes, physical stability and other features of interest [1, 6] . In this context, the flow properties of an emulsion are among the most important physical characteristics, either during their production (e.g. mixing and pumping) or as an end product (pouring or extrusion from containers, draining, etc) [8, 9] .
From a qualitative point of view, the rheological properties of emulsions may range from low viscosity milk-like Newtonian liquids up to thick, cream-like, materials with apparent yield stresses. The rheological properties of thicker shear-thinning liquids may stand in between the extreme cases. Both visual and sensory properties, such as consistency or creaminess, are relevant from a consumer point of view and these are often strongly related to the rheological features. Therefore, the ability to measure and, if possible, rationalize the rheological properties of emulsions is highly valued.
The majority of the work done so far regarding the emulsions rheology is based on conventional macrorheological assays performed in mechanical rheometers [9] . However, artifacts related to inertia and slip effects are commonly observed for dispersed systems when using the common mechanical rheometers and viscometers [10] . Moreover, a mechanical perturbation (imposed stress or strain) is necessary to extract the rheological information. These limitations are absent in diffusing wave spectroscopy (DWS). This advanced light scattering method allows the study of emulsions with minimal disturbance, providing access to real-time dynamic changes in the microrheology properties, long term stability or the average droplet size [3, 11] . This method has recently been used in the characterization of pharmaceutical [11, 12] and food emulsions with remarkable success [3] .
Since cellulose should be regarded as an amphiphilic polymer [13] , its adsorption onto the oil-water interfaces of an emulsion is expected to occur, thus acting as a good stabilizer. Cellulose nanocrystalline particles and some cellulose derivatives, such as methyl cellulose, hydroxyethyl cellulose, hydroxypropyl methyl cellulose and ethyl hydroxyethyl cellulose, are well known as efficient stabilizers of emulsions and suspensions but with different underlying stabilization mechanisms [14] [15] [16] [17] [18] [19] . While cellulose derivatives behave similarly to any flexible or semi-flexible amphiphilic polymer, providing steric stabilization, nanocellulose particles follow the behavior typically observed in ''Pickering" emulsions [20] [21] [22] . Molecularly dissolved cellulose is expected to behave close to typical cellulose derivatives, but it has been much less explored due to the well-known cellulose dissolution limitations [23, 24] . Recent molecular dynamics simulations have shown that molecular dispersed cellulose gradually assemble eventually surrounding the oil droplet and stabilizing the formed emulsion [25] .
Rein et al. [26, 27] and Jia et al. [28, 29] introduced regenerated cellulose as a novel amphiphilic eco-friendly emulsifying agent. Cellulose regeneration was obtained following two different approaches: (1) precipitating cellulose from solution with water prior its addition to the oil/water mixtures or (2) adding excess of water after the oil dispersion directly in the cellulose solution (in-situ regeneration). There is a fundamental difference between the two regeneration procedures related to existence of molecularly dissolved cellulose during the initial stage of the emulsification process in the case of emulsions prepared via the in-situ regeneration of cellulose. If sufficiently surface active in its solubilized form, the molecularly dissolved cellulose may further enhance the emulsion stabilizing properties of native cellulose. Therefore, in this study, the microrheology properties of O/W emulsions produced via in-situ regeneration of cellulose are explored, for the first time, by DWS. In what follows, a brief introduction to the DWS principles is presented and then, the microrheology of the novel cellulose-based emulsions is discussed regarding the effect of temperature, aging and features of the emulsifier agent (i.e. cellulose hydrolysis time). Bulk or mechanical rheology is also implemented for a broader and complementary rheological analysis.
Brief overview on the technical and theoretical fundamentals of DWS
A well-defined theoretical background of DWS can be found elsewhere and the interested reader is guided to the work of Weitz and Pine [30, 31] . Briefly, a laser source illuminates a sample loaded in a cuvette and the incoming photons are scattered multiple times by tracer particles present in the sample before emerging and being detected. The tracer particles can be either an inherent part of the system (e.g. oil droplets in emulsions, micelles present in milk, bubbles in foams or particles in suspensions) or inserted afterwards (e.g. nanoparticles of polystyrene added to a solution).
Since the particles in the sample display random Brownian motions, which are sensitive to the rheology of the system, the intensity of the scattered light will fluctuate with time and can be used as a probe to characterize the rheological features of the medium. Fig. 1 gives a schematic illustration of the basic principles of the DWS technique.
The backscattering mode is used to determine the particle sizes via the measured mean square displacement (MSD), hDr(s) 2 i. A low-powered laser can be used in this geometry, since the scattered light is collected at the same side of the incident beam. Measurements are taken in horizontal and vertical modes and the correspondent particle radii R VH and R VV is obtained via the fit of the MSD's using the Stokes-Einstein relation:
where the diffusion coefficient, D, of the particles can be expressed as
here k B is the Boltzmann constant, T the temperature and g the solvent viscosity, allowing the calculation of the particle radius, R (Fig. 1b) , using the following relation:
The transmission mode is applied to obtain information on the microrheology of the system. A powerful laser is used because the light has to cross the entire sample volume and reach the detector placed in the opposite side of the incident laser light. The light received in the forward geometry contains only the photons that were scattered multiple times and are analyzed to relate the tem- 
where s is a variable lag time and I t ð Þ corresponds to the timevarying scattering intensity. The transport mean free path, l * , is a measure of the turbidity of the sample and corresponds to the length scale over which the direction of the scattered light has been completely randomized [35] ; it is automatically estimated by the equipment as described by Zhang et al. [36] . It is defined as:
where hcos U ð Þi is the mean of the cosine of the angle U when the photon is scattered by the particles. The mean free scattering path l sc is the average distance traveled by a photon before being scattered by a particle. Smaller particles (near the Rayleigh-GansDebye limit) will scatter isotropically, being hcos U ð Þi % 0 and l Ã % l sc , while larger particles will scatter preferentially in the forward direction and thus l Ã ) l sc . For a broader understanding, the interested reader is referred to, for instance, the works of Pine and Weitz [30, 31] , Maret et al. [37] and Scheffold et al. [34] . The l * parameter can be determined by comparing the transmitted light intensity (count rate, CR) of a standard sample (CR std ) with the sample (CR sample ). The standard sample must be a monodisperse suspension of particles of known size in a solvent of known viscosity and refractive index. The ICF of the standard sample is fit using l * as the adjustable parameter and the determined MSD. CR std is also measured and with the obtained l * std , the l * sample is estimated as,
where CR sample is obtained during the sample measurement. Knowing l * , the refractive index n of the sample and the sample-cuvette length, L, it is possible to obtain the MSD from the ICF by modelling the propagation of light using diffusion equations [30, 31] . The MSD, defined as,
is the average of the squared distance the tracer particles move during the lag time (s) and represents the ''degree of freedom" of a particle. From the MSD and knowing the particle radius (R), the complex modulus G Ã x ð Þ is calculated via the Generalized StokesEinstein relation [38, 39] ,
where hDr 2 ix ð Þi corresponds to the Fourier transform of hDr 2 t ð Þi. From this relation, the microrheological properties, the storage modulus, G 0 (x), and the loss modulus, G 00 (x), of the samples can be estimated over a large frequency range [37, [40] [41] [42] .
Materials and methods
Three samples of O/W emulsions, composed of 7.5% (v/v) paraffin oil (Merck KGaA, Germany) were prepared using cellulose as the emulsifier agent. The cellulose used was a commercial sulfite dissolving pulp (Domsjö Fabriker, Sweden) with a molecular weight Mw of ca. 3.2 Â 10 5 g/mol and a polydispersity index of 10.3. 1 wt% of cellulose was dissolved in a 85% phosphoric acid (Sigma Aldrich) aqueous solution at room temperature under sonication [43] [44] [45] . The oil was dispersed in the cellulose solution for a few minutes under ultrasonication (VCX 750 ultrasonic processor equipped with a microtip) at a frequency of 20 kHz and maximum amplitude of 40%. Milli-Q water was added afterwards to induce cellulose regeneration at the oil-water interface and the system was sonicated for a few more minutes. The three samples were named as 24 h, 48 h and 96 h, according to the respective hydrolysis times of cellulose in the phosphoric acid solution prior the emulsification of the oil.
Diffusing wave spectroscopy
A DWS RheoLab (LS Instruments AG, Fribourg, Switzerland) equipped with the echo technology was used for diffusing wave spectroscopy analysis in the transmission and backscattering modes. A cuvette of 5 mm of thickness, L, was used and all the samples were vigorously mixed during 10 s using the vortex and equilibrated for 900 s in the measuring chamber at the desired temperature. A calibration sample composed of an aqueous solution of 0.5% (w/w) of polystyrene latex of 400 nm of diameter (VWR, PL6004-4101) was used to determine l * that was automatically estimated by the equipment by applying Eq. (6). The backscattering mode was applied to estimate the average size of the emulsions which was performed at 25°C during 500 s followed by 60 s of echo duration.
DWS analysis in the transmission mode was conducted to extract the microrheological properties of the samples. The measurement time was set to 240 s with additional 30 s of echo duration and the assays were performed from 25 to 40°C, with increments of 5°C between measurements, to evaluate the thermal effect. Three individual runs for each sample were performed and the estimated error is below 5%.
Optical light microscopy
Samples were observed by bright field optical microscopy at 40Â magnification, using an optical microscope Leica DMRX equipped with a camera Leica DFC 320 with 5 megapixels. Typically, 10 ll from the top creamed layer of the emulsions were loaded on a glass slide and covered with a cover slip. Pictures were recorded and analyzed with the microscope software Leica LAS v4. 5 and ImageJ (open source software from the National Institutes of Health, USA). The average radius of the oil droplets was determined for the 24 h (n = 101) and 96 h (n = 503) samples, using the Analyze Particles tool. The image threshold and parameters were adjusted to exclude the aggregates from the estimation, ensuring the solo analysis of single droplets.
Mechanical rheometry
Mechanical rheological assays (macrorheology) were conducted on a HAAKE MARS III rheometer (Thermo Fisher Scientific, Germany) using the cylindrical C16 DIN Ti geometry and a Peltier unit to accurately maintain the desired temperature. To minimize evaporation, an appropriate solvent trap was used. Dynamic oscillatory assays were performed in a frequency range of 1 Â 10 À1 to 4 Â 10 1 rad/s in the linear viscoelastic regime, based on amplitude sweep tests at 1 Hz. The complex viscosity, g Ã , G 0 and G 00 were assessed at different temperatures, from 25 to 40°C.
Results

Tuning the droplet size: effect of cellulose hydrolysis time
Studying the emulsions rheology allows to understand not only their flow properties but also their stability as well as identifying possible destabilization mechanisms. After the preparation of the emulsions, as described in the Material and Methods section, the average droplet size was determined by DWS in the backscattering mode (Fig. 2a) . Note that in order to access to the microrheological properties of the samples through DWS analysis, it is necessary to know the droplet radius, since it is an input variable in Eq. (5).
As can be observed, the longer the cellulose hydrolysis time, the smaller is the radius of the formed droplets. The same trend is qualitatively observed in optical microscopy (Fig. 2b) ; the average radius estimated for the 24 h and 96 h are ca. 2.58 ± 0.55 and 1.28 ± 0.51 µm, respectively. A decrease in the cellulose chain size, induced by the hydrolysis reaction, might lead to a more efficient stabilization of smaller oil droplets, since shorter and more flexible fibrils are expected to better surround a smaller surface area, thus contributing to a more efficient reduction of the surface tension [26] . This thermodynamic reasoning probably does not follow the mechanism of adsorption described for ''Pickering" emulsions, where the energy of adsorption of homogeneous spherical particles, DE, follows the equation
, where R 2 is the square of particle size, c is the interfacial tension and h the contact angle on the interface [46, 47] . Whereas the driving force of cellulose adsorption is the molecular amphiphilicity, the kinetics of adsorption are expected to play a determinant role since the process is molecular weight dependent. A faster diffusion and deposition of smaller cellulose fragments (in comparison with cellulose of higher molecular mass) is expected to hinder coalescence of covered smaller drops more efficiently and therefore being the limiting factor. In fact, this has been recently confirmed by dynamic interfacial tension studies using the pendant drop technique attesting the cellulose activity on the surface of an oil droplet [48] . A related mechanism has been observed for surfactants which are capable to lower the interfacial tension causing a reduction in the droplet size [1] . The decrease in droplet size is more noticeable for cellulose submitted to hydrolysis during the first 48 h (Fig. 2) thus following the expected hydrolysis trend of cellulosic fibers. When in acidic medium, the glucosidic linkages present in the cellulose structure are broken and the degree of polymerization (DP) decreases. Initially this degradation is fast, but it slows down as it proceeds, reaching a certain DP level after which the hydrolysis continues at a considerably slower rate. This DP level is called the ''leveling-off" degree of polymerization (LODP) [49] [50] [51] .
Microrheology of the emulsions
Based on the determination of the particle radius, the microrheological properties of the emulsions were extracted using the DWS in the transmission mode. The first DWS output data is the normalized intensity correlation function (ICF), i.e. g 2 (s) -1, as a function of the lag time (s) as exemplified for the 24 h sample at 25 and 40°C (Fig. 3a) .
As can be observed in Fig. 3a , the ICF decay is as expected faster for higher temperatures, which suggests faster dynamics and consequently the photon randomization is also faster.
From the ICF, and knowing n, L and l * , it is possible to calculate the MSD and the corresponding MDF fit using the diffusion Fig. 4 together with the data from the mechanical rheometry (macrorheology). Remarkably, the data superposition at intermediate frequencies suggests a good agreement between the optical and mechanical-based rheometric methods. The results show that the samples are essentially viscous, with a liquid-like behaviour at lower frequencies and an elastic behaviour at intermediate frequencies ( Fig. 4b and S1 ). A second crossover at high frequencies (i.e. short observation times) is present, where G 00 prevails over G 0 and was previously suggested to reflect the short-relaxation time associated to dissipation mechanisms in the system [52] . The complementarity between the two different methods has already been described for gels and emulsions [12, 53, 54] . One of the major advantages of DWS is that it enables the probing of the higher frequency region thus complementing the macrorheology. Overall, these results demonstrate that even with different theoretical principles and practical approaches these two techniques can be used together to access a broader frequency range of the rheological properties with reliable and comparable results.
Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.jcis.2018.07.043.
In (Fig. 2) . At a constant volume fraction, the decrease of the droplet size results in an increase in the number of droplets in solution. The increase in the droplet number density can, in turn, restrict the degree of freedom of each droplet and potentiate the aggregation of the oil droplets. This increases the contact points among the droplets, which is expressed by an increase in the g Ã . The presence of aggregates or emulsion clusters is visible in the microscopy images in Fig. 1b . This hypothetic behavior is in accordance with the Batchelor postulate, which considers that for emulsions with relatively low volume fractions, ca. 0.01 < U < 0.2, both Brownian motions and interparticle interactions should account for the overall rheology of the system [55] .
Temperature effect on the microrheology of emulsions
The influence of heating on the rheological properties of cellulose-based emulsions was evaluated on the transmission mode from 25 to 40°C for the three emulsion samples (Fig. 6) . As expected, the increase in temperature leads to a decrease in viscosity. Moreover, the temperature effect is essentially reversible for all samples, which suggests no major structural changes of the emulsions upon heating or cooling, but rather a normal thermal effect on the system dynamics. 
Emulsions aging and stability: effect of cellulose hydrolysis time
The DWS analysis performed in the transmission mode also allows inferring about changes occurring in the particle size. Therefore, the ICF will reflect not only the microrheology of the system but also physical features of the particles such as their size. Since emulsions are not thermodynamically stable, different destabilization processes may occur, such as, Ostwald ripening, creaming, flocculation or coalescence, eventually leading to complete phase separation.
Therefore, the stability of the cellulose-based emulsions with time was followed by DWS in the transmission mode. Measurements were performed every hour during 48 h using an automated setup and the differences in the normalized ICF vs. lag time during sample aging were evaluated (Fig. 7) . Typically, a shift towards higher lag times in the ICF decay was obtained with time for all samples tested. As larger oil droplets are formed with time (either by coalescence or via an Ostwald ripening mechanism) their Brownian motions will slow down and consequently the decay of the ICF will occur for larger lag times. A plateau in the ICF curve is observed after ca. 40 h, where the ICF values are approximately 1 for all the evaluated lag times, indicating the point at which the DWS inferior detection limit of free diffusing oil drops in solution is reached and, thus, the roughly complete physical separation between the oil and water phases is achieved. The photos inserted in Fig. 7 confirm the progressive evolution from a 2-phase macroscopically homogenous sample to a 2-phase completely separated sample in agreement with the ICFs aging profiles.
In order to better evaluate the ICF variation with time, the t 2/3 parameter, corresponding to the lag time at which the ICF curve decays to 2/3 of its initial value, was determined and plotted as a function of the aging time, as illustrated in Fig. 8 for the 96 h sample. The t 2/3 parameter was approximately constant during the first 8 h followed by an accentuated continuous increase for longer aging times.
The parameter l * was also analyzed to evaluate the emulsion stability since it is sensitive to the concentration of the scattering objects in solution. At a constant volume fraction of oil, the increase of the particles size represents a decrease in their number density. In practice, the photons will have to move a longer distance before the ICF shows a decay, which leads to larger values of l * . As can be observed in Fig. 8 , l * shows a similar trend as t 2/3 with the emulsion aging and, thus, it is also a suitable parameter to follow the emulsion stability. A similar correlation between l * and t 2/3 was recently described for an emulsion system where the main changes occurred in the droplet size distribution and not in the rheological properties, in agreement with the data presented here [12] . Since t 2/3 describes the rheological properties of the continuous phase and l * refers to the optical properties of the sample, similar variations of l * and t 2/3 during processing should be indicative of prominent changes of the oil droplets size over alterations in the rheology. On the contrary, differences between these two parameters during manufacture might indicate remarkable changes in the rheological properties of the product. The effect of cellulose hydrolysis time on the emulsions stability was also evaluated comparing the l * and t 2/3 parameters for the three samples (Fig. 9) . As previously indicated, a good agreement was obtained between the two parameters; similar trends were verified until a certain critical aging time that was followed by a pronounced increase. Such transition occurs at different aging times for each sample, more specifically ca. 26, 32 and 36 h for the 24 h, 48 h and 96 h samples, respectively. This strongly suggests that dramatic changes in the particle size occur approximately 10 h later for the 96 h sample in comparison to the 24 h sample. Since the concentration of the emulsifier was the same and the oil/water ratio was also kept constant, it is possible to assume that the longer stabilization time obtained for the 96 h sample results from the extended time of cellulose hydrolysis and not a consequence of variations in the bulk rheology. As previously discussed, this is probably a consequence of a more efficient emulsion stabilization via the decrease of the interfacial tension. The data suggests that the effectiveness of cellulose as a stabilizer depends on its particle size: the smaller the cellulose fibrils and flocks of fibrils, the higher the emulsion stability. Shorter fibrils can provide a better coverage over a larger surface area of the emulsion droplets and offer a mechanical barrier, as well as stabilizing the emulsion droplets against changes in temperature, ionic strength or pH [56] . Moreover, shorter cellulose fragments and fibrils are also expected to diffuse faster (in comparison to native cellulose) thus stabilizing the emulsions more efficiently.
Conclusions
The DWS assays described in this study enabled the determination of the droplet size, microrheology and also revealed changes happening on the microstructure that are not accessible with conventional mechanical rheometry. Cellulose proved to have potential to be used as an efficient emulsifier thus avoiding the use of less eco-friendly surfactants or polymers. The longer the hydrolysis time of cellulose the smaller the droplets formed. On the other hand, the aging and stability tests demonstrate a better stability of the emulsions prepared with cellulose hydrolyzed for the longer time, 96 h. Depending on the final application of the emulsion, the stabilization time might need additional improvement. We expect that our work will encourage future studies to explore this promising novel application of cellulose by evaluating and optimizing its ability as a friendly emulsifier. Additionally, the evaluation of t 2/3 and l * enabled the identification of changes occurring in the droplet sizes with aging, demonstrating that these two parameters are suitable indicators of the emulsions long term stability. Moreover, for a broader characterization of the emulsions these two parameters should be evaluated together, since their study enables to identify both optical and rheological changes. Complementarity between the mechanical and optical rheology was also observed, thus considerably extending the frequency range of the rheological analysis. Since emulsions are not static systems, being sensitive to time-and temperature-dependent destabilization and homogenization processes, the use of DWS enables the monitoring of real-time changes in the emulsion system, which is of major importance for an efficient and reliable manufacture, optimization of formulations and storage control.
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